The spectral-decay parameter κ 0 is often used to account for the reduction of the high-frequency amplitude of ground motion caused by attenuation within the site profile. In this study, we used the inverse random vibration theory approach described by Al to calculate Fourier amplitude spectra from predicted values of response-spectral acceleration for all five Next Generation Attenuation (NGA)-West2 ground-motion prediction equations (GMPEs). We used these spectra to estimate κ 0 using the spectral-decay method. Each GMPE was evaluated for a National Earthquake Hazard Reduction Program B/C site condition and for default estimates of depth to the top of rupture, hypocentral depth, and sediment (basin) depth. We derived estimates of κ 0 for magnitudes ranging from 3.5 to 8.0 and distances ranging from 5 to 20 km and used a mixed-effects model to derive equations for these estimates as a function of magnitude. We also calculated κ 0 from the geometric mean of the response-spectral accelerations of the GMPEs to check the sensitivity of the results to the two approaches and found that the values of κ 0 derived in this study using a mixed-effects model are in good agreement with these estimates. The values of κ 0 obtained in this study do not necessarily represent the physical high-frequency damping within the site profiles used to develop the NGA-West2 GMPEs. Instead, they are intended to represent the high-frequency shape of the median predicted spectral accelerations from the GMPEs. The κ 0 model developed in this study can be used in inversions to develop stochastic models that are intended to mimic the predictions from the NGA-West2 GMPEs.
Introduction
The attenuation of ground-motion acceleration at high frequencies is often parameterized by the spectral-decay parameter kappa (κ). Kappa was first introduced by Anderson and Hough (1984) to model the high-frequency attenuation of the Fourier amplitude spectra (FAS) of acceleration using a filter function in the form of the mathematical operator exp−πκf, in which f is frequency. At near-source distances, kappa is often interpreted as low-strain damping of near-surface materials beneath the site, which includes the site profile (deposits that lie over the crust at seismogenic depths below the site of interest) and the uppermost portion of crust. In this case, kappa is referred to as κ 0 (Boore, 2003; Campbell, 2009; Ktenidou et al., 2014) . The near-surface damping is composed of both intrinsic anelasticity due to material damping and scattering due to heterogeneities along the travel path (Campbell, 2009) . It is typically used as a site parameter in the stochastic simulation of ground motion (Boore, 2003) . However, it has recently been used directly as a site-attenuation parameter in the development of groundmotion models (Laurendeau et al., 2013; Bora et al., 2015) . Campbell (2009) provides a thorough review of the κ 0 parameter, including its estimation for sedimentary deposits in central and eastern North America (CENA). He developed relationships between the shear-wave velocity of the sediments and their effective quality factor (Q) and used these relationships to estimate κ 0 as a function of sediment depth for representative geologic profiles and site profiles with National Earthquake Hazard Reduction Program (NEHRP) B/C site conditions in the Mississippi embayment and the Atlantic Coastal Plain. An NEHRP B/C boundary condition refers to a site condition with V S30 , the time-averaged shear-wave velocity over the top 30 m of a site, of 760 m=s, as defined in the NEHRP Recommended Seismic Provisions (Building Seismic Safety Council, 2015) . He showed that the low-strain high-frequency site coefficients in the NEHRP Recommended Seismic Provisions are consistent with a κ 0 of 0.02 s when the U.S. Geological Survey hypothetical CENA NEHRP B/C site profile of Frankel et al. (1996) is used to estimate site amplification factors between hard rock and B/C site conditions. Ktenidou et al. (2014) summarize different applications of κ 0 for engineering seismology applications. They discussed various approaches of estimating κ 0 from seismic records, including the range of frequencies over which κ 0 should be computed, the trade-off with path effects, and using empirical correlations between κ 0 and V S30 .
Al introduced a method to scale empirical ground-motion prediction equations (GMPEs) that do not explicitly include κ 0 as a parameter and that are available from one area (the host region) to use in an area with a different value of κ 0 (the target region). They use inverse random vibration theory (IRVT) to derive FAS that are compatible with the near-source response spectral accelerations estimated from the host GMPEs for a specific value of V S30 . In this approach, the host value of κ 0 is derived by fitting the Anderson and Hough (1984) kappa operator to a log-linear plot of the FAS. Finally, the host FAS are scaled by the target value of κ 0 to obtain the target FAS, from which the target response spectral acceleration is calculated using random vibration theory (RVT) .
In this study, we use the IRVT approach of Al to estimate values of κ 0 that are implied by the highfrequency shape of the Next Generation Attenuation (NGA)-West2 GMPEs. These GMPEs were developed by the Pacific Earthquake Engineering Research (PEER) Center and are widely used to predict ground motions in western North America (WNA) and other active crustal regions (ACRs) due to their use in the development of the U.S. National Seismic Hazard Maps Rezaeian et al., 2014) . The values of κ 0 were calculated from median predicted values of 5% damped pseudoacceleration response spectra (PSA) at 19 moment magnitudes (Hanks and Kanamori, 1979) ranging from M 3.5 to 8.0 at intervals of 0.25 and shortest distances to the fault rupture surface (R RUP ) of 5, 10, and 20 km. This approach is consistent with that proposed by Al and was implemented using the RVT code STRATA (Kottke and Rathje, 2008) and the path duration model for WNA developed by Boore and Thompson (2015) .
The motivation for our study is to develop κ 0 values that can be used, together with other appropriate WNA and ACR seismological parameters, to estimate ground motions using the stochastic simulation programs SMSIM (Boore, 2005) or STRATA (Kottke and Rathje, 2008) , which are compatible with predictions from the NGA-West2 GMPEs. Such a stochastic model can also be used with a hybrid empirical method (HEM) of Campbell (2003 Campbell ( , 2004 to adjust the GMPEs to another region with different seismological characteristics. The calculated values of κ 0 can also be used in an inversion of the NGA-West2 GMPEs to estimate WNA seismological parameters for a stochastic point-source model that are consistent with these GMPEs, such as was used by Pezeshk et al. (2015) to develop a GMPE for CENA as part of the PEER NGA-East Project (Goulet et al., 2015) . Constraining κ 0 in advance of the inversion reduces the trade-off among the seismological parameters that control the highfrequency content of the ground motion, such as κ 0 , stress drop Δσ, and Q.
Although κ 0 is used in stochastic simulation models to represent the attenuation within the crustal profile beneath the site, we emphasize that the values of κ 0 obtained in this study do not necessarily represent the actual high-frequency damping of the site. Instead, it should be considered a model parameter in a stochastic simulation model that is compatible with the high-frequency (short period) spectral shape of the NGA-West2 GMPEs for NEHRP B/C site conditions.
Evaluation of NGA-West2 GMPEs
There are five NGA-West2 GMPEs that were developed as part of the PEER NGA-West2 project . These GMPEs are referred to in this study as ASK14 , BSSA14 , CB14 , CY14 (Chiou and Youngs, 2014) , and I14 (Idriss, 2014) . They were developed using the NGA-West2 database , which includes over 20,000 recordings of M 3.0-7.9 from shallow crustal earthquakes in California for the smaller events and in other similar ACRs throughout the world for the larger events. The GMPEs predict the RotD50 (average) horizontal component of ground motion, defined as the median single-component horizontal ground motion across all nonredundant rotation angles (azimuths) (Boore, 2010) .
The NGA-West2 GMPEs were evaluated for a strike-slip earthquake on a vertical (90°-dipping) fault plane. The dip angle of 90°is also used to evaluate those GMPEs that include fault dip as a predictor variable. For simplicity, hanging-wall effects are ignored. All of the GMPEs that include regional site-response and anelastic attenuation terms were evaluated for the California region and for NEHRP B/C site conditions (i.e., V S30 760 m=s). ASK14 and CY14 include the depth to the top of the rupture surface (Z TOR ) as one of the predictor variables in their source-depth term. For these models, the default value of Z TOR recommended by the developers for a future California earthquake of specified magnitude was used. CB14 uses the hypocentral depth (R HYP ) to define source-depth effects. For this model, we used the default value of R HYP recommended by CB14 for a future California earthquake of specified magnitude, which in turn was based on the default value of Z TOR of CY14 and an assumed seismogenic crustal thickness of 15 km. ASK14, BSSA14, and CY14 use the depth to the 1:0 km=s shear-wave velocity (V S ) horizon beneath the site (Z 1:0 ) to model sediment-depth and basin effects. CB14 uses the depth to the V S 2:5 km=s horizon beneath the site (Z 2:5 ) to model these effects. For these GMPEs, we used the default values for these depths that are recommended by the developers for a California site with V S30 760 m=s.
For purposes of calculating κ 0 , ASK14, BSSA14, CB14, and CY14 were evaluated for M 3.5-8.0 at magnitude intervals of 0.25. I14 was evaluated only for M ≥ 5:0 in order to be consistent with the magnitude range of applicability recommended by the developer. All of the GMPEs were evaluated for R RUP 5, 10, and 20 km to ensure that crustal Q does not impact the results, as suggested by Al . Unlike the other GMPEs, BSSA14 uses the shortest distance to the surface projection of the fault-rupture surface (the Joyner-Boore distance, R JB ) as the distance metric. Because the estimates of κ 0 were derived in terms of R RUP , we estimated R JB from the following equation appropriate for a vertical fault: E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 ; 5 5 ; 5 5 3
using the default value of the Z TOR for the specified magnitude from CY14. For purposes of comparison, we also calculated κ 0 from the geometric mean of the PSA predicted from the individual NGA-West2 GMPEs using the same method that was used for the individual GMPEs. In implementing the 2014 National Seismic Hazard Maps, Petersen et al. (2014) and Rezaeian et al. (2014) assigned unequal weights to the NGA-West2 GMPEs. To be consistent with this application, we assigned the GMPEs the same weights used in their studies. The weights are distributed evenly between four of the GMPEs, with I14 receiving half the weight of the other models. These weights were used in a mixed-effects regression to weight the GMPE categorical variables, as well as in the calculation of the geometric-mean ground motions from the individual GMPEs.
Calculation of κ 0
We calculated values of κ 0 from the NGA-West2 GMPEs using the methodology outlined below, which is consistent with the approach proposed by Al .
Step 1. We computed median values of PSA for each of the five NGA-West2 GMPEs for an NEHRP B/C site condition (V S30 760 m=s) and a vertical strike-slip fault, as described in the previous section. Technically, κ 0 should be calculated for a zero distance, because it is intended to represent the damping within the site profile beneath the site. However, because the GMPEs are not well constrained at very short distances (i.e., less than about 5 km), we followed the recommendation of Al and used distances corresponding to R RUP 5, 10, and 20 km or, in the case of BSSA14, the corresponding values of R JB from equation (1), to estimate PSA. Use of these short distances results in values of κ 0 that are virtually the same as would be found for R JB 0, because of the negligible impact of crustal Q on high-frequency attenuation at such short distances.
Step 2. We estimates values of FAS from PSA using IRVT as described in Kottke and Rathje (2008) and implemented in the RVT code STRATA. The IRVT methodology requires an estimate of ground-motion duration. This duration typically consists of a source duration (T S ) and a path duration (T P ), as described by Boore (2003) . The source duration for a singlecorner frequency point-source model is typically defined as the inverse of the source corner frequency f 0 (i.e., 1=f 0 ). Path duration is more complicated. We used the path duration model of Thompson (2014, 2015) , which they derived from the NGA-West2 database for use in ACRs such as WNA. The path duration is relatively small for the short distances used in this study.
Step 3. We removed the implied site amplification for NEHRP B/C site conditions from FAS by dividing the spectral amplitudes by frequency-dependent site-amplification factors appropriate for a WNA crustal profile with V S30 760 m=s. For this purpose, we used the crustal amplification model developed by Boore (2016) for a typical NEHRP B/C crustal profile in WNA and other ACRs. Campbell and Boore (2016) determined this to be the most appropriate of five proposed WNA NEHRP B/C crustal profiles used by various investigators to represent the site profiles inherent in the NGA-West2 GMPEs. Site amplifications given in Boore (2016) were calculated using the square-root impedance method (Boore, 2013) and do not include the attenuation effects parameterized by κ 0 . Therefore, removing these site amplifications from FAS provides an estimate of the FAS that is intended to include only attenuation within the site profile, making it suitable for the calculation of κ 0 (Al .
Step 4. We fit the Anderson and Hough (1984) kappa operator exp−πκ 0 f to the estimated FAS over a frequency range that begins beyond the peak in the spectrum and ends where the spectral amplitude ceases to decay linearly on a log-linear plot of FAS versus frequency. In this case, the spectral decay is assumed to be associated with κ 0 due to the short distances used to calculate FAS. The frequency range over which the fit is done is defined by two frequencies, f start and f end , using guidelines specified in Ktenidou et al. (2014) . These two frequencies were subjectively chosen. However, in all cases, we limited the upper range to f end ≤ 35 Hz, which corresponds to the frequency at which the FAS computed by IRVT tends to deviate from the FAS, calculated from a point-source stochastic model for sites located in WNA (Al ). Figure 1 shows example plots of the FAS derived from the PSA predicted from the NGA-West2 GMPEs by IRVT, along with the range of frequencies used to determine κ 0 . Example fits are shown for distances of 5, 10, and 20 km and for ASK14 (for M 4.0 and 4.5; Fig. 1a ), BSSA14 (for M 5.0 and 5.5; Fig. 1b ), CB14 (for M 6.0 and 6.5; Fig. 1c ), CY14 (for M 7.0 and 7.5; Fig. 1d ), and I14 (for M 7.0 and 7.5; Fig. 1e ). Ⓔ Plots for other magnitudes are available in the electronic supplement to this article (see Figs. S1-S75). Table 1 lists the range of frequencies over which the values of κ 0 were calculated for each NGA-West2 GMPE. The same frequency range was used for all three distances to give a consistent set of values for each GMPE and for each magnitude. Table 2 summarizes the calculated values of κ 0 for each GMPE, magnitude, and distance. These values are plotted in Figure 2 . Figure 2 indicates that all of the GMPEs, except for BSSA14, show a monotonic increase in the calculated values of κ 0 from M 4.0 to 6.0. BSSA14 shows a decrease in calculated κ 0 from M 4.5 to 5.5, with an abrupt increase between M 5.5 and 5.75. BSSA14, CB14, and I14 display a decrease in κ 0 for M > 6:0. On the other hand, ASK14 and CY14 show an increase in κ 0 at these magnitudes. The different trends in the calculated values of κ 0 with magnitude among the GMPEs are most likely due to differences in the modeling of near-source high-frequency PSA by the different modelers. This emphasizes the statement made earlier that the calculated values of κ 0 in this study do not necessarily represent the physical attenuation parameters in the crustal profile beneath the site, but rather represents a parameter that models the predicted high-frequency decay of FAS by each GMPE that is consistent with that expected from a kappa operator. In this way, it will be possible to use these inferred values of κ 0 in a stochastic simulation model that is intended to reproduce the high-frequency shape of the acceleration response spectrum that is compatible with the NGA-West2 GMPEs.
Results

Statistical Analysis
Because of the magnitude dependence of κ 0 and the systematic differences in the values of κ 0 among the GMPEs, we decided to develop a relationship between κ 0 and M that is consistent with this trend. We used a nonlinear mixed-effects regression model that treats the GMPE as a random effect. This analysis accounts for between-model and within-model dependencies in the κ 0 estimates, which we refer to as "data" in the remainder of this article. For this purpose, we used the nonlinear mixed-effects regression methodology proposed by Lindstrom and Bates (1990) and implemented in MATLAB with the function nlmefit (MathWorks Inc., 2015) .
Mixed-effects models are used for the analysis of grouped data. They incorporate correlations within sample groups, or what are known as categorical variables (e.g., the GMPEs in this study). As a result, the mixed-effects model is a trade-off between an individual fit for each group and the fit over all groups. Fixed effects often refer to a traditional regression analysis in which no grouping of the data is considered. Fixed effects represent parameters that are assumed to be the same each time that data are collected and independent of any grouping of the data. Random effects refer to random variables that are sample or group dependent. Random effects are considered in our study because the data are naturally grouped by GMPE. In this case, the additional variability, after taking into account the random effect, is included in the regression analysis of the grouped data as fixed effects (MathWorks Inc., 2015) . In our case, each GMPE is considered to be a group (random effect) within which κ 0 depends on magnitude and distance, both of which are modeled as fixed effects.
The MATLAB function nlmefit fits a weighted nonlinear mixed-effects model to the grouped data and returns the fixed-effects and random-effects model coefficients. The random-effects coefficients are assumed to be uncorrelated. This implies an identity matrix for the random-effects covariance matrix. Mixed-effects regression produces a single set of model coefficients for the fixed effect that considers data from all of the GMPEs included in the regression and another set of GMPE-dependent coefficients to capture the random effect. Although MATLAB refers to the single set of mean model coefficients from the mixed-effects regression as a fixed-effects model, these coefficients are different from those that would be obtained from a traditional fixed-effects regression analysis due to the consideration of random effects. To avoid confusion, we refer to the single set of coefficients that come from the mixed-effects regression as mixed-effects model coefficients.
Median Predictions and Statistical Significance
After evaluating several functional forms, we used a tripartite piecewise linear functional form with two magnitude hinge points to model the magnitude dependency of κ 0 . This model is given by 
in which M is moment magnitude, m 1 and m 2 are magnitude hinge points separating the three linear segments of the model, c 0 is a constant, and c 1 -c 3 are magnitude-dependent coefficients (slopes). Both the magnitude hinge points and the slopes (together called model coefficients) were derived from the regression. We developed four models from equation (2) using weighted nonlinear mixed-effects regression. Because of the abrupt increase in the calculated value of κ 0 for BSSA14 between M 5.5 and 5.75, which is not observed in the other GMPEs, we investigated the impact of the BSSA14 GMPE on the results by proposing an alternative set of models that excluded it from the mixed-effects regression. Because of their relatively small statistical significance (shown later), we also proposed an alternative set of regression models that assume the slopes c 1 and c 3 to be zero. The results from each of the regression models are described below.
In model 1, the data from all five GMPEs are included in a regression of all five model coefficients. Table 3 lists the mean estimates and p-values for the mixed-effects coefficients. The p-value is the probability that the statistical results will take on a value that is at least as extreme as the observed value, when a claim made about a population is true (Montgomery and Runger, 2003) . The claim that is on trial is called the null hypothesis in statistics. The median predictions from this model are shown in Figure 3 (the bold black line). Also shown in this figure are the individual random-effects fits to the GMPEs (thin lines). Ⓔ The randomeffects results are summarized in Table S1 . An analysis of variance indicated that only c 0 and c 3 had statistically significant random effects. The remaining coefficients were modeled as fixed effects. As indicated in Table 3 , the estimated values for c 1 and c 3 , which represent the slopes of the first and third linear segments in equation (2), are very small. Their relatively large p-values indicate that they are not significantly different from zero with a probability of at least 86%. Typically, a p-value less than 5% is considered to be the threshold for statistical significance. Figure 4 compares the median predictions from model 1 with the weighted average values of κ 0 for each magnitude calculated over all GMPEs and distances (i.e., over the data used in the regression). This figure confirms that the model is generally consistent with these simple averages.
The impact of including the BSSA14 data in the regression analysis manifests itself in Figure 4 is even larger for the BSSA GMPE itself (Table 2, Fig. 2 ). It is not clear what might be causing this discontinuity. Careful examination of the linear fits to the FAS do not indicate a problem with these fits above and below these particular magnitudes, although they do clearly show a systematic difference in the slope of the fits. One possible reason for this behavior is the unique magnitude-scaling characteristics of the BSSA14 GMPE that are clearly visible in figure 3 of Gregor et al. (2014) , which shows that there is a very abrupt change in slope (i.e., a hinge) in the magnitude scaling of BSSA14 that systematically shifts from M 5.5 for peak ground acceleration to M 6.0 for 2 s PSA. This magnitude hinge, combined with the shift in the period of this hinge, might be causing the abrupt change in the high-frequency shape of the FAS that causes the abrupt increase in the value of κ 0 in this magnitude range.
Model 2 is similar to model 1, except that the model coefficients c 1 and c 3 are set to zero (i.e., excluded from the model) because of their lack of statistical significance in model 1. Table 3 lists the mean estimates and p-values for the remaining mixed-effects coefficients. The median predictions from this model are shown in Figure 5 (the bold black line). Also shown in this figure are individual random-effects fits to the GMPEs (thin lines). Ⓔ The random-effects results are summarized in Table S2 . Although not shown, the mean square error for model 2 is virtually identical to that of model 1, further indicating that c 1 and c 3 are statistically insignificant. An analysis of variance indicated that only c 0 and c 3 had statistically significant random effects. The remaining coefficients were modeled as fixed effects. Figure 6 compares the median predictions from model 2 with the weighted average values of κ 0 for each magnitude calculated over all GMPEs and distances (i.e., over the data used in the regression). This figure confirms that the model is generally consistent with these simple averages, subject to the impact of BSSA14 on the averages as noted in model 1. This figure also includes the model 1 predictions (dashed line) for comparison, which clearly shows that model 2 (in which c 1 c 3 0) is virtually identical to model 1.
Model 3 is similar to model 1, except that BSSA14 is not included in the regression. Table 3 lists the mean estimates and p-values for the mixed-effects coefficients. The median predictions from this model are shown in Figure 7 (bold black line). Also shown in this figure are individual randomeffects fits to the GMPEs (thin lines). Ⓔ The random-effects results are summarized in Table S3 . An analysis of variance indicated that only c 1 -c 3 and m 2 had statistically significant random effects. The remaining coefficients were treated as fixed effects. As indicated in Table 3 , the estimated values for c 1 and c 3 , which represent the slopes of the first and third linear segments in equation (2), are very small. Their relatively large p-values indicate that they are not significantly different from zero, with a probability of at least 25%. Typically, a p-value less than 5% is considered to be the threshold for statistical significance. Figure 8 predictions from model 3 with the weighted average values of κ 0 for each magnitude, calculated over the four GMPEs and all distances (i.e., over the data used in the regression). This figure confirms that the model is generally consistent with these simple averages. Figure 8 shows that excluding BSSA14 removes the discontinuity in the average values of κ 0 noted in Figure 4 , resulting in a relatively smooth trend with magnitude. However, now the tripartite linear model tends to overestimate κ 0 at M 5.75 and 6.0, although the largest difference is only 0.001 s, which is small compared to the κ 0 ≈ 0:042 s average value at those magnitudes. Therefore, we do not believe that there is a need to make the model more complex by adding a fourth slope to the model to capture this trend. The variability at small magnitudes is due to the added uncertainty in estimating the value of κ 0 at these magnitudes, as seen in Figure 7 .
Model 4 is similar to model 3, except that the model coefficients c 1 and c 3 are set to zero (i.e., excluded from the model) as a result of their lack of statistical significance in model 3. Table 3 lists the mean estimates and p-values for the remaining mixed-effects coefficients. The median predictions from this model are shown in Figure 9 (bold black line). Also shown in this figure are individual random-effects fits to the GMPEs (thin lines). Ⓔ The random-effects results are summarized in Table S4 . Although not shown, the mean square error for model 4 is virtually identical to that of model 3, further indicating that c 1 and c 3 are statistically insignificant. An analysis of variance indicated that c 1 , c 3 , m 1 , and m 2 had statistically significant random effects. The remaining coefficients were modeled as fixed effects. Figure 10 compares the median predictions from model 4 with the weighted average values of κ 0 for each magnitude, calculated over the four GMPEs and all distances (i.e., over the data used in the regression). This figure confirms that the model is generally consistent with these simple averages, subject to the impact of BSSA14 on the averages as noted in model 2. This figure also includes the model 3 predictions (dashed line) for comparison, which clearly shows that model 4 (in which c 1 c 3 0) is virtually identical to model 3.
We eliminated models 1 and 3 from consideration due to the fact that two of their model coefficients are statistically insignificant. That leaves model 2, which includes all five NGA-West2 GMPEs, and model 4, which excludes BSSA14 as candidate models. These latter two models are compared in Figure 11 , along with their weighted average values of κ 0 . Although these two models appear visually different, the differences between their predicted values and their average κ 0 values are less than about 5%. Therefore, we suggest that the selection of a recommended model should be based on other considerations. The most persuasive consideration is how the NGA-West2 GMPEs will be used. If the weighted geometric mean of all five of the NGA-West2 GMPEs is used, with weights that are the same as used by Petersen et al. (2014) , we recommend model 2 as most representative of the average trend in the values of κ 0 with magnitude. This model is given by the equation (Table 3) 3 for κ 0 (in seconds). If instead the BSSA14 GMPE is excluded from the geometric mean and the remaining four GMPEs are given equal weight, we recommend model 4 as most representative of the average trend in the values of κ 0 with magnitude. This model is given by the equation (Table 3) for κ 0 (in seconds). Ⓔ If the NGA-West2 GMPEs are used individually, such as in a logic-tree analysis (e.g., Petersen et al., 2014) , we recommend the random-effects results for models 2 or 4, given in Tables S2 and S4 , as the most representative of the average trend in the values of κ 0 with magnitude.
Aleatory Variability
The mixed-effects model provides results that allow the estimation of between-model and within-model standard deviations of κ 0 , which we designate τ and ϕ, respectively, consistent with the designation of between-event and withinevent standard deviations in the NGA-West2 GMPEs (Gregor et al., 2014) . In this case, the total standard deviation is given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 5 ; 3 1 3 ; 2 0 8 σ τ 2 ϕ 2 q :
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The standard deviations for model 2, expected to be the most common use of our kappa model, are listed in Table 4 and plotted in Figure 12 . The standard deviations for model 4 are listed in Table 5 and plotted in Figure 13 . They are parsed by magnitude to show their dependency on M. The between-model standard deviations were calculated from the difference between the random-effects predictions of PSA for each GMPE fixed-effects results). The within-model standard deviations were calculated from the residuals of the random-effects model of each GMPE over the three distances (i.e., 15 values for each magnitude). Figure 12 shows that the between-model standard deviation is relatively constant at about τ ≈ 0:0048 s for M ≤ 6:0, after which it increases linearly with magnitude to a maximum value of τ ≈ 0:009 s at M 8.0. It has very little magnitude-tomagnitude variability. On the other hand, the within-model standard deviation shows more magnitude-to-magnitude variability, generally increasing with magnitude to about M 5.5, then decreasing to ϕ ≈ 0:001 s at M 7.25, where it increases slightly to ϕ ≈ 0:002 at M 8.0. The combined effect of the trends in τ and ϕ is a total standard deviation that increases nearly linearly from σ ≈ 0:0052 to 0.0072 s between M 3.5 and 7.0, then linearly increases more rapidly to σ ≈ 0:0095 s at M 8.0. The spike in τ and σ in the vicinity of M 5.5 coincides with the jump in the estimates of κ 0 for the BSSA14 GMPE. Figure 13 indicates that the between-model standard deviation of model 4 has a similar trend with magnitude as that of model 2, although the values are higher. However, the trend and amplitude of the within-event standard deviation, and consequently the total standard deviation, of model 4 is very different from model 2, reflecting the strong influence of BSSA14 on the within-model variability.
We fit the observed trends of τ, ϕ, and σ with magnitude observed in Figures 12 and 13 with a series of piecewise linear lines. The difference between the calculated individual standard deviations and the standard deviations predicted by the model did not warrant a more complicated functional form in order to model the trend with magnitude. The relationships for model 2 are given by 
Discussion and Conclusions
We used the IRVT approach proposed by Al to calculate the FAS and values of the site attenuation spectral-decay parameter κ 0 (Anderson and Hough, 1984) that are implied by the high-frequency shapes of the NGA-West2 GMPEs, when evaluated for an NEHRP B/C site condition (V S30 760 m=s), vertical strike-slip faulting, and default values of sediment depth, hypocentral depth, and depth to the top of the fault rupture plane. We used the IRVT methodology implemented in the computer program STRATA (Kottke and Rathje, 2008) , together with the WNA NEHRP B/C crustal profile of Boore (2016) , typical values of source velocity (β 3:5 km=s) and source density (ρ 2:72 g=cm 3 ) for WNA (Boore, 2016; Campbell and Boore, 2016) , and the ground-motion duration model of Thompson (2014, 2015) to calculate the FAS of the GMPEs. The estimated κ 0 values were found to be a function of magnitude that led us to propose four tripartite piecewise linear models with the functional forms given by equation (2) to model this trend. In each case, the model coefficients were derived from a weighted nonlinear mixed-effects regression in which the GMPE is considered to be a random effect and the magnitudes and distances are considered to be fixed effects. The recommended model (model 2) when all five GMPEs are used in the estimation of ground motion is given by equation (3). It was obtained from 19 values of moment magnitude (M 3.5-8.0 in increments of 0.25) and three near-source rupture distances (R RUP 5, 10, and 20 km). Short distances were used to minimize the effects of crustal attenuation (Q), as suggested by Al . The GMPEs were treated as different groups, or categorical variables, in the mixed-effects model due to the natural clustering of κ 0 estimates within each GMPE. A second model (model 4) that excludes the BSSA14 GMPE due to an abrupt jump in the value of κ 0 between M 5.5 and 5.75 that was not observed in the other GMPEs is recommended as an alternative model. We attribute this jump in the estimated value of κ 0 to a prominent hinge in the magnitude scaling of BSSA14 at these magnitudes. This model is given by equation (4) and is recommended if BSSA14 is excluded from the estimation of ground motion. The associated between-model, withinmodel, and total standard deviations for models 2 and 4 are given in equations (6)-(11). Models 1 and 3 were eliminated from consideration because several of their coefficients were found to be statistically insignificant. The recommended models are generally consistent with the weighted geometric means of the calculated κ 0 values for each magnitude.
There are very few investigators who have estimated κ 0 values associated with the NGA-West2 GMPEs that we can use to compare with our results. One such study is that of GeoPentech (2015), which used the IRVT approach of Al to calculate κ 0 values associated with the NGA-West2 GMPEs, excluding I14, for V S30 760 m=s using nine normal-faulting scenarios with a dip angle of 50°, M 5:0, 6.0, and 7.0, and R X 5, 10, and 20 km, in which R X is the horizontal distance between the site and the top edge of the rupture plane, measured perpendicular to the fault strike, in the direction of the footwall (i.e., only footwall sites were used). For the GeoPentech study, the rupture width was calculated according to the scaling relationships given in Wells and Coppersmith (1994) , the earthquake hypocenter was assumed to be located at the center of the fault rupture plane, the depth to the top of the rupture plane was calculated using the relation given in CY14, and the crustal profile was that used to develop nonlinear site-amplification factors for the NGA-West2 project by Kamai et al. (2013) for a base velocity profile with V S30 760 m=s. Table 6 compares the average values of κ 0 obtained by GeoPentech with those obtained in this study from the values listed in Table 2 for similar values of magnitude and distance, noting that we used R RUP rather than R X as the distance metric. The values after the plus-and-minus sign are the standard deviations over magnitude and distance. This comparison shows that the differences in the average values of κ 0 are within 10% of one another for ASK14, CB14, and CY14, although they increase to 20% for BSSA14. The agreement between the two studies is good, considering that the style of faulting, velocity profile, duration model, fault rupture geometry, distance metric, and range of frequencies used to estimate κ 0 are different between them. The larger difference in the average values of κ 0 for BSSA14 could be due to the discontinuity in these values between M 5.0 and 6.0, which we expect would make the estimated κ 0 values in this magnitude range more sensitive to differences in input parameters. As we discuss in the next paragraph, our tendency for us to estimate higher values of κ 0 than GeoPentech for some of the GMPEs is also the result of the more limited frequency range we used to calculate κ 0 from the FAS. Nonetheless, the two values fall within each other's plus-and-minus standard deviations.
The Pacific Northwest National Laboratory (2014; PNNL) performed a similar study to that of GeoPentech (2015) to determine the value of κ 0 associated with the CY14 GMPE. Like the GeoPentech study, PNNL used the IVRT approach of Al with the base velocity profile of Kamai et al. (2013) with V S30 760 m=s. However, unlike GeoPentech, they used strike-slip scenarios, three ranges of frequency, a different range of magnitudes, and distances defined in terms of the distance metric R JB to estimate κ 0 . Therefore, the input parameters to IRVT are more similar to those used in our study than those of GeoPentech. PNNL found that their values of κ 0 , averaged over earthquake scenarios with M 5.5, 6.5, and 7.5 and R JB 5, 10, and 20 km for the three frequency ranges they proposed, varied by -7% and +5% around a central value of 0.0393 s, as shown in Table 6 . Using the same range of magnitudes and distances as PNNL, we obtained the value κ 0 0:0418 0:0010 s from the values in Table 2 . This compares favorably with the upper value from the PNNL study of κ 0 0:0414 0:0011 s, which was based on the same approximate frequency range (f ≈ 5-15 Hz) that we used in our assessments. This shows that our evaluation gives very similar values to that of PNNL when similar input parameters are used, especially when the same frequency range is used to estimate κ 0 from the FAS. PNNL also found that using a different velocity profile resulted in differences in calculated κ 0 by as much as 7%-10% at low frequencies. We prefer a narrower frequency range that is located closer to the peak than used by PNNL to define their central or upper ranges to calculate κ 0 in order to avoid the tendency for the FAS of some of the GMPEs to begin to noticeably flatten beyond about 15 Hz.
Although κ 0 is typically used to represent high-frequency attenuation within the crustal profile beneath the site in stochastic simulation models, the values of κ 0 that we derived from the NGA-West2 GMPEs do not necessarily correspond to a physical representation of this attenuation. This is also true of stochastic models with seismological parameters that are derived from a broadband fit of the FAS using ground-motion recordings. Instead, it should be considered a stochastic model parameter that is compatible with the high-frequency shape of the FAS and PSA spectra for NEHRP B/C site conditions predicted by the NGA-West2 GMPEs at short distances from the earthquake fault rupture. The use of other site conditions will result in different estimates of κ 0 . Nonattenuation factors that also might have influenced the estimation of κ 0 from the GMPEs are the functional forms for magnitude and distance scaling at short distances and any modification to these scaling relationships to prevent oversaturation, or the tendency of the predicted values to decrease with increasing magnitude at short distances.
The relationships between κ 0 and magnitude developed in this study can be used to constrain the value of κ 0 in a WNA stochastic model that is intended to be consistent with the near-source high-frequency shape of the predicted response spectra from the NGA-West2 GMPEs. This will avoid the potential trade-off between this parameter and other highfrequency seismological parameters in the model, such as stress drop (Δσ) and anelastic attenuation (Q), when these parameters are derived from an inversion of ground-motion recordings. We also suggest that the recommended relationships between κ 0 and M, given by models 2 and 4 and summarized in equations (3) and (4), can be used to directly invert the FAS estimated from the predictions of 5% damped PSA from the NGA-West2 GMPEs using IRVT for the purpose of deriving a set of seismological parameters to use in a stochastic model intended to represent the average earthquake and crustal properties inherent in these GMPEs. Such a stochastic model would be useful in adjusting the NGA-West2 GMPEs to a different tectonic domain, such as CENA, using the HEM of Campbell (2003) , as was done by Pezeshk et al. (2015) using a magnitude-independent value of κ 0 derived from a preliminary inversion of the NGA-West2 GMPEs.
The HEM methodology and often other applications use a weighted average value of PSA predicted from the host GMPEs; whereas, our model is based on a mixed-effects regression of individual κ 0 values obtained from four (model 2) or five (model 4) of the NGA-West2 GMPEs. The potential impact of this difference is evaluated in Figure 14 for model 2 and in Figure 15 for model 4. These figures compare the median predicted values from our recommended κ 0 models with the weighted average values of κ 0 obtained from an IRVT inversion of the weighted geometric mean of the median predictions of PSA from the same GMPEs that were used in the mixed-effects regression. These values of κ 0 and the figures showing the frequency range of the FAS that were used to calculate these values using the spectral-decay method of Anderson and Hough (1984) are provided in Ⓔ Tables S1 and S2 and Figures S76-S100. In Figures 14 and 15 , the weighted average values of κ 0 from the individual GMPEs are also shown. In all cases, the weighted average values are cal- M 5.0, 6.0, and 7.0 This study 0:0502 0:0044 0:0465 0:0091 0:0338 0:0027 0:0406 0:0022 GeoPentech 0:0450 0:0014 0:0380 0:0033 0:0370 0:0028 0:0410 0:0014 M 5.5, 6.5, and 7.5 This study ---0:0418 0:0010 PNNL (lower) ---0:0366 0:0010 PNNL (central) ---0:0393 0:0011 PNNL (upper) ---0:0414 0:0011 PNNL, Pacific Northwest National Laboratory (2014). culated using the same weights as those used to develop the κ 0 models (i.e., I14 is given half the weight of the other GMPEs), which are consistent with the weights applied to these GMPEs in the 2014 National Seismic Hazard Maps Rezaeian et al, 2014) . This comparison confirms that the κ 0 models developed in this study are generally consistent with the average values obtained from the geometric mean of the PSA predicted from the NGA-West2 GMPEs. Therefore, we suggest that our κ 0 models can be used in an inversion to determine seismological parameters that are consistent with the median predictions of PSA from these GMPEs or in a stochastic model that is intended to be representative of these GMPEs.
Data and Resources
No data were used in this article. Most of the analyses were performed using the MATLAB R2015a release (www. mathworks.com/products/matlab, last accessed December 2015). Some plots were also made using MATLAB. 
